The gain recovery time of a bound-to-continuum terahertz quantum cascade laser is measured using a stimulated emission photocurrent technique. At low temperatures a value ϳ50 ps is found. This tends to decrease with rising temperature, and suggests that class B laser dynamics should be expected from these devices. Both the value and the trend in the gain recovery time are found to be consistent with hopping transport through the miniband. Power-dependent measurements of the photocurrent clearly show the effects of inhomogeneous broadening of the gain transition.
I. INTRODUCTION
Because of the ultrafast lifetimes of the states involved in the lasing transition, quantum cascade lasers ͑QCLs͒ 1,2 have been predicted to show very different dynamical properties from the more familiar semiconductor laser diodes. In particular, it has been predicted that they should be so-called class A lasers, 3, 4 exhibiting much simpler dynamics than class B devices such as the familiar semiconductor diode lasers.
It is well known that the dynamical properties of a laser are described by a system of three coupled rate equations containing the photon density within the laser cavity, the population inversion and the material polarization. There are three lifetimes associated with these dynamical variables: respectively, the photon lifetime, the gain recovery time g , and the dephasing time of the laser transition. Often one or more of these relaxation times will be much shorter than the others, so that the corresponding dynamical variable can be adiabatically eliminated, simplifying the rate equations. In class B devices, this is the case for only one of these variables ͑the polarization͒, while in class A devices such as the conventional laboratory He-Ne laser, the population inversion can also be removed from the appropriate description. As well as the fundamental interest, this matter is of significance for the development of applications involving these devices. It is generally appreciated that the maximum modulation speeds obtainable with class A devices are not limited by relaxation oscillations. Additionally, this also affects the introduction of optical chaos in the devices, since a nonlinear system exhibiting deterministic chaos must be described by at least three dynamical variables; 5 therefore, in a class B laser, the imposition of only one external variable is required, whereas two are needed to observe the same effect in a class A device. 6 We present here the results of time-resolved studies of the stimulated emission photocurrent, which were carried out using the Dutch free-electron laser FELIX. These show g ϳ 50 ps and indicate that class B dynamics should be expected from these structures. These data suggest that the electron transport within the miniband does not follow a Bloch model, but is better described by a hopping-based model of sequential scattering events. Power-dependent studies also unambiguously show the inhomogeneous broadening of the gain transition.
II. EXPERIMENTAL SETUP
The sample used for these measurements was based on a bound-to-continuum QCL, modified slightly from that reported in Ref. 7 and fabricated into a single metal waveguide structure. Fabry-Perot devices fabricated from the wafershowed good laser performance with threshold current densities ϳ95 A cm −2 and a maximum operating temperature of 70 K. The 250 m by 1.26 mm sample used for the photocurrent measurements was modified to suppress lasing by polishing the end facets at 45°, preventing optical feedback. This avoided the clamping of population inversion at threshold, allowing measurements over a wider range of inversion levels. During the measurements the device was biased in continuous-wave mode using a constant voltage source, while the photocurrent induced by the FELIX pulses was monitored by measuring the voltage drop across a 1 ⍀ series resistor.
The FELIX free-electron laser provided a train of ϳ 94 m, transform limited pulses, having a duration of ϳ10 ps ͑spectral width ϳ1.5 m͒. A balanced twobeamsplitter arrangement 8 was used to split these into two collinearly propagating beams which could be delayed relative to each other using a mechanical delay line, but had the same intensity and polarization. This setup is shown schematically in Fig. 1 . The following method was used to measure g . By tuning the FELIX wavelength to equal the emission wavelength of the QC structure, the first beam to arrive at the sample depleted the population of the upper laser level through stimulated emission, causing an instantaneous increase ␦I in the current flowing through the sample. For long time delays between the two optical pulses, the upper laserlevel population had recovered, and so the second pulse to arrive also caused a photocurrent ␦I. Obviously the electronics used were too much slow to discriminate between these two pulses, so the measurement indicated a total photocurrent of 2␦I. However, for short time delays, the upper laser-level population was below its steady-state value, resulting in a reduction in the measured photocurrent. By measuring the photocurrent as a function of the optical delay time, it was possible to extract the time needed for the population inversion to recover once it has been depleted. For the non-time-resolved measurements reported here, where the magnitude of the photocurrent was of interest, one of the beams was blocked to avoid interference effects. For all measurements reported here a FELIX wavelength of ϳ 94 m was used.
III. PHOTOCURRENT RESPONSE

A. Bias dependence
Investigations of the bias dependence of the observed photocurrent were carried out using a single-beam experiment, with a peak FELIX power of ϳ3 kW. The magnitude of these photocurrents are plotted in Fig. 2͑a͒ , together with the I-V characteristic measured from the device ͓Fig. 2͑b͔͒. The photocurrent data fall into two regimes. At low biases a large photocurrent was observed, which decreased rapidly with bias. The measured photocurrent then reached a minimum, before in the higher current range, within the operating region of the QCL, the signal observed began to increase with applied bias, finally plateauing out, with a possible decrease at the highest current levels. 9 Comparison with the I-V characteristic of the device, shown in Fig. 2͑b͒ reveals that the changeover between these two regimes occurs at the current where the energy levels of the band structure first become fully aligned in the configuration necessary to support lasing and population inversion is expected to be obtained. The behavior observed here is consistent with a different origin for the photocurrent in the two regions. In the lower current region, before the energy level alignment has taken place, we believe the device to be acting as a QC photodetector, 10 and the electrons are strongly localized within the ground state of the widest quantum well. The measured signal arises here due to the photoexcitation of an electron into an excited state, and its subsequent decay into the ground state of the next period of the structure. Schrödinger-Poisson simulations of the structure under zero bias ͓Fig. 3͑a͔͒ show the presence of a large dipole absorptive transition close in energy to the FELIX radiation. However, once the band alignment has taken place, as shown in Fig. 3͑b͒ , absorptive transitions close to the laser energy are weak 11 and the photocurrent is attributed to the stimulated emission process detailed above.
B. Time-resolved measurements
Two-beam experiments were carried out to measure values of g ; a typical trace of the measured photocurrent against the time delay between the two pulses is shown in Fig. 4 . Because the two beams are of nominally the same power and polarization, the shape of the curve is roughly symmetrical. Nevertheless, data obtained for positive and negative delay times were fitted separately and the results averaged. The data fall into three different regimes. Close to the zero-delay point, in region A of Fig. 4 , high-amplitude oscillations of the photocurrent are observed, as a consequence of interference between the two pulses temporally overlapping on the sample. In region B there are still oscillations in the photocurrent, superimposed on a general trend.
Careful study of the data shows that the oscillations in regions A and B exhibit slightly different periods, and that the region B oscillations are not present at the lowest bias currents, when the device is acting as a QC detector. We believe that the origin of these features of the data may lie in the coherent oscillation of electron wave packets across the injection barrier, 12 induced by the sudden depopulation of the upper laser level. The measured period of these oscillations ͑ϳ3 Ϯ 1.5 ps͒ is in reasonable agreement with the expected 5 ps, based on the calculated tunnel coupling of 0.8 meV between the injector and upper laser levels.
Values of g were obtained by fitting the data in regions B and C to a single exponential curve. The times obtained are plotted as a function of applied bias current in Fig. 5͑a͒ . Over the range of currents for which the QCL would be expected to exhibit optical gain, the recovery times obtained remain very similar, ϳ50 ps. In the higher current range this corresponds to the gain recovery time, g , whereas at lower currents the structure is effectively acting as a saturable absorber, and the longer times measured relate to the absorption recovery time.
There are two components to g : the time taken for the electron to leave the lower laser level and transit through the miniband, and the tunneling time across the injection barrier. The latter process takes place by resonant tunneling and is expected to occur very rapidly. Although no experimental studies of its value have so far been carried out for THz QCLs, mid-infrared pump-probe measurements have suggested that transfer across the barrier takes place within 3-4 ps. 12 The obtained long lifetimes are thus dominated by the transport of the electron within the miniband. Using a 50 ps gain recovery time, and the 123 nm period of the quantum cascade structure, we estimate the electron drift velocity within the miniband to be v d ϳ 2.5ϫ 10 5 cm s −1 . This surprisingly high value for g can be understood in terms of hopping transport through the miniband, where the electrons are sequentially scattered between the individual states forming a Wannier-Stark ladder. While there is an extensive literature on this subject, 13 the majority relates to transport through either very narrow minibands ͑width ϳ1 meV͒ or to strongly coupled ones with a miniband width greater than the optical phonon energy and so is not directly comparable with our structure. Rott et al. 14 have calculated the field-dependent drift velocity for a specific structure with a 20-meV-wide miniband. At a comparable electric field of ϳ2.5 kV cm −1 , they predict v d ϳ 10 5 cm s −1 , very similar to our measured value. However, there are several differences between these two structures which might modify the mobility. Rather than being uniformly doped, in THz QCLs the dopant atoms are usually concentrated in a single quantum well, set back from the injection barrier to reduce the impurity-induced scattering of electrons out of the upper laser level. In the QCL structure we are considering, the average doping density over the whole period is approximately four times lower than in the structure considered by Rott et al., 14 and so the impurity-induced scattering would be expected to be reduced. In addition, the miniband in our structure is somewhat narrower ͑16 meV vs 20 meV͒. Both of these factors would be expected to result in a reduced mobility in the QCL when compared to the superlattice used for their calculations. However, it also has to be remembered that the QCL structure differs from a standard superlattice through not having translational symmetry. In a traditional Wannier-Stark ladder each wave function is mainly localized within a single quantum well, so that the conductance is dominated by ͉⌬͉ = 1 scattering events, where represents the level index. In contrast, the miniband within a bound-tocontinuum QCL is structured so that at the design field each wave function is delocalized over two or more quantum wells, increasing the probability of ͉⌬͉ Ͼ 1 transitions taking place. This fact would in contrast be expected to increase the drift velocity within the miniband. Further evidence for hopping-based transport within the miniband is provided by the temperature dependence of g , shown in Fig. 5͑b͒ . These were measured at a constant bias current of 300 mA, with a FELIX peak power of ϳ3 kW, increased above that used for the current-dependent measurements to allow a good signal to noise ratio to be maintained over a wider temperature range. We observe a consistent decrease in g as the temperature is increased, agreeing with the model of transport within the miniband taking place by successive scattering events between states within a WannierStark ladder. In contrast, Bloch transport through the superlattice would be expected to become slower as the temperature is raised, with the mobility being limited by phonon scattering. 15 We note that recent measurements of g in mid-infrared ͑ ϳ 4 -5.5 m͒ QCLs ͑Ref. 16͒ have shown the presence of Bloch transport. These devices were designed with much greater miniband width ͑ϳ150 meV͒ than those considered here, which we consider to be the reason for this difference between mid-infrared and THz QCLs.
The measured values of g are about four times longer than the expected ϳ12 ps lifetime of a photon within the laser cavity. 17 We can now compare these values with those relevant for semiconductor laser diodes emitting at telecommunications wavelengths in the near infrared. Since the facet reflectivity, device length, and refractive index are approximately the same, the photon lifetimes for the two types of devices are broadly similar. Recent measurements of the gain recovery time, associated with band refilling in a bulk ϳ 1.55 m semiconductor optical amplifier, 18 show a strong bias dependence, with g ϳ 20-160 ps, being of a similar order of magnitude to the value reported here for a THz QCL. This strongly suggests that the dynamic properties to be expected from this QCL design will resemble the class B behavior of semiconductor diode lasers, rather than class A.
The gain recovery time can be expected to vary significantly between different QCL designs. In particular, in QCL designs reliant on optical phonon-assisted depopulation of the lower laser level 1, 19 the energy spacing between the lower laser level and the injector state/upper laser-level doublet in the succeeding period of the structure is greater than an optical phonon energy. In this situation, electrons can rapidly lose energy through LO phonon emission, and the gain recovery time is likely to be correspondingly faster.
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C. Saturation properties
Measurements were also carried out of the magnitude of the photocurrent response as a function of the FELIX power incident on the sample at a fixed bias current of 300 mA. The results of this are shown in Fig. 6͑a͒ . It is well known that the saturation or bleaching of a transition is described by the expression 21 ⌬I ϰ P
where ⌬I is the induced photocurrent, P is the incident power, and P sat is the saturation power, at which the saturated absorption coefficient reaches half of its unsaturated value. The value of m differs depending on the broadening mechanism applicable for the transition. For a purely homogeneously broadened transition m = 1, while for inhomogeneous broadening it is equal to 0.5. The solid line in Fig. 6͑a͒ is the result of a fit to the measured data with the above expression using m = 0.5, and a saturation peak power of 240 mW. It should be noted that this power represents the FELIX power output rather than the power actually coupled into the device, which will be significantly lower due to the mode mismatch between the large focus provided by the parabolic mirror, and the QCL waveguide mode. One possible reason for the inhomogeneous broadening observed is due to the diagonal nature in real space of the laser transition, resulting in a strong role for the interface roughness. 22 However we cannot exclude the possibility of small differences in either the physical structure or electric field experienced by the individual QC active regions, or even variations in the electric field across the laser ridge. The existence of an inhomogeneously broadened gain is potentially highly beneficial for the development of QC amplifiers of terahertz light 23 since it reduces the adverse effects of gain saturation on the available output power.
D. Temperature dependence
Under the same conditions, but with a fixed FELIX power, the temperature dependence of the photocurrent magnitude was investigated. This illuminates a different aspect of QCL operation to the temperature variation in g studied above, since the photocurrent magnitude is sensitive to the population inversion, while the gain recovery time studies give us information about the dynamics of the electrontransport process through the miniband. The magnitude of (a) (b) FIG. 6 . ͑a͒ Symbols represent the measured photocurrent as a function of FELIX peak power, at =94 m, 300 mA bias current and 20 K device temperature. The line is a fit to the data using the expression for inhomogeneous broadening and a saturation power of 240 mW. ͑b͒ Arrhenius plot of the photocurrent measured as a function of temperature. The same conditions were used, but the FELIX peak power was fixed at ϳ1 kW. The dashed line represents a fit to the high-temperature data, using an activation energy of 5.5 meV.
the photocurrent measured at a range of temperatures is shown on an Arrhenius plot in Fig. 6͑b͒ . We consider the reduction in the measured photocurrent at high temperatures to be a direct result of the lower population in the upper laser level and consequent reduction in the stimulated emission process responsible for the photocurrent measured in our experiment. An activation energy of ϳ5.5 meV is obtained from a linear fit to the high-temperature data. Study of the band diagram of the structure under operating bias, as shown in Fig. 3͑b͒ shows that the most likely channel for thermal activation of electrons out of the upper laser level is into the higher lying state localized mainly in the first two wells of the miniband; previous photoluminescence studies of operating QCLs have supported the suggestion of carrier leakage into this state. 24 The measured activation energy is in reasonable agreement with the calculated position of this level ϳ7.5 meV above the upper laser level.
In conclusion we have used time-resolved measurements of the stimulated emission photocurrent to measure the gain recovery time in a terahertz quantum cascade laser. These suggest that transport through the miniband takes place by a hopping process, and that these devices should be expected to show class B laser dynamics. The power dependence of the observed photocurrent indicates that the laser transition is likely to be inhomogeneously broadened.
